REMPI spectra are reported for the acetaldehyde Ã 1 AЉ, B , C , and D states. Photoelectron spectroscopy is used to probe the nature of the intermediate states, measure the cation vibrational frequencies, and to identify useful routes for preparing state-selected ions. Ab initio calculations of neutral and cation vibrational frequencies are also reported. The B state is found to be a well-behaved Rydberg state, but with some distortion relative to the cation geometry along the 10 and 15 coordinates. There are B state REMPI transitions that produce well state-selected cations, with vibrational energies of up to 0.4 eV, and several new cation frequencies are observed. The Ã 1 AЉ state gives structured, if somewhat broadened, REMPI transitions, but ionizes to produce a broad population of vibrationally hot ions. Only the origin band of the C state is observed in REMPI, despite high intensity for this state in absorption. A few D state transitions are sharp, and ionize to produce cold cations, as expected for a good Rydberg state. Most D state levels are strongly mixed and broadened, however, and ionize to hot cations. Inconsistencies in the literature are discussed in light of the photoelectron spectra and ab initio results.
I. INTRODUCTION
Measuring the effects of a reactant ion vibrational mode on chemical reactivity has proven to be an effective means of probing the factors that control a reaction, particularly those that are active early along the reaction coordinate. [1] [2] [3] [4] [5] [6] [7] [8] [9] The most difficult aspect of such studies is preparing modeselectively excited ions with sufficient intensity to allow detailed reactive scattering studies. One of the simplest techniques for state-selective ion preparation is resonanceenhanced multiphoton ionization ͑REMPI͒, however, this method is limited to molecules with the correct spectroscopic properties. 10 In REMPI vibrational state selection, the neutral precursor is pumped to a particular vibrational level of an excited electronic state by one or more photons, then is ionized by a single additional photon. The vibrational state distribution of the resulting ions depends on the transition probabilities coupling the intermediate level with all energetically accessible states of the ion plus electron. In cases where the intermediate is a Rydberg state with little perturbation from valence states, the ionization Franck-Condon factors are diagonal, i.e., ionization of a particular intermediate state vibrational level tends to produce ions in that same vibrational level. [11] [12] [13] [14] The ion vibrational distribution can be determined from photoelectron spectra measured for REMPI through each intermediate state. The photoelectron spectra not only identify useful ion state selection routes, but provide insight into the nature of the intermediate electronic states.
The single photon absorption spectrum of acetaldehyde was studied from the early 1940s by several groups. [15] [16] [17] [18] [19] In those experiments, several different electronic states were explored, including Rydberg states. The states of interest for our study: the Ã 1 AЉ, B , C , and D states, have all been observed in single photon spectroscopy, but the symmetry has been reported only for the Ã 1 AЉ state. No REMPI work has been reported for the Ã , C , or D states, however, the REMPI spectrum of the B state has been studied by several groups. Heath and co-workers 20, 21 reported a gas cell spectrum, and identified several sequences. More recently, jetcooled REMPI spectra by Buntine et al. 22 and Shand et al., 23 and mass-selected REMPI spectra by Shin et al. 24 were reported, with results in good agreement with earlier work. Both experimental and theoretical work on the ground and B electronic states has been reported by Meyer and co-workers. 25, 26 Vibrational frequencies and assignments are available for ground state acetaldehyde from infrared experiments. [27] [28] [29] Normal coordinate analysis 27, 30 and quantum chemistry calculations 31 were reported for vibrations of the X 1 AЈ, Ã 1 AЉ, and B electronic states in neutral acetaldehyde. Limited vibrational information on cationic acetaldehyde was extracted from He I photoelectron spectroscopy ͑PES͒. [32] [33] [34] In those spectra, several different vibrational states in the ground and first excited state of the acetaldehyde ion were observed for different isotopomers.
In this paper we report a REMPI-PES study of the Ã 1 AЉ, B , C , and D states of acetaldehyde, revealing some intermediates suitable for ion state selection, and some that are strongly perturbed. An energy level diagram is given in Fig. 1 . It is important to note that in 2ϩ1 photon ionization through the B state, the only resonance is at the two photon level in the B state. On the other hand, at the photon energies needed to two-photon excite the C and D states, the first photon takes the molecule into the region of the Ã 1 AЉ state. This part of the REMPI spectrum may, therefore, include resonances due both to the Ã 1 AЉ state ͑at the one photon level͒ and to the C and D states at the two photon level. As will be shown, photoelectron energy is quite helpful in sorting out the resulting REMPI spectrum. To aid interpretation of the experiment, geometry optimization, and vibrational frequency calculations of the neutral and ionized molecule were carried out using GAUSSIAN 98.
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II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Experimental arrangements
The experiments were carried out using our ionmolecule reaction instrument, 7 with appropriate modifications. Mass spectra were taken using the instrument as a simple mass spectrometer. To allow photoelectron spectroscopy, the ion source of the mass spectrometer is removed, and replaced by a vertical, magnetically shielded flight tube, ending in a multichannel plate electron multiplier. The magnetic shield has apertures to allow a seeded beam of acetaldehyde to pass through the ionization region, and to allow passage of the laser beam. The ionization region is in between a pair of planar grids, separated by ϳ2 cm. By pulsing the grids, the system can be used for pulsed-field ionization spectroscopy, in which case a short ͑19 cm͒ flight tube is used to give good collection efficiency. For the REMPIphotoelectron spectra, as reported here, a longer flight tube is used, and the upper grid is grounded, forming the boundary of a 74 cm field-free flight region. A negative dc potential can be applied to the lower grid to improve collection of slow electrons ͑at the expense of energy resolution͒. The distance traveled before entering the field-free region is approximately 1 cm.
The acetaldehyde beam was prepared by vaporizing liquid acetaldehyde ͑Fisher scientific, 99.5%͒ at about 30°C and entraining the vapor in 200 psi of helium carrier ͑Mathe-son 99.9%͒. The gas mixture was expanded through a pulsed valve, collimated by a skimmer, then introduced to the ionization region, as in the normal configuration of the ionmolecule reaction instrument. The average background pressure in the chamber housing the ionization region was ϳ5 ϫ10 Ϫ8 Torr during operation. The ionization laser was a Nd:YAG-pumped dye laser ͑Continuum NY82S/ND6000͒ operating with the dyes LD 700 and LDS 698 for the B electronic state and the dye DCM for the Ã 1 AЉ, C , and D electronic states. Dye laser wavelength was calibrated by measuring a rotationally resolved NO spectrum, and is estimated to be accurate to within ϳ2 cm
Ϫ1
. The laser beam and pulsed valve were timed by an external master clock in order to ionize the gas at the maximum flux.
For REMPI spectra ͑i.e., signal versus wavelength͒, a strong accelerating potential ͑ϳ10 V/cm͒ was applied across the ionization region to give high photoelectron collection efficiency, with minimal electron energy resolution. For photoelectron spectroscopy of most systems, no acceleration potential is used, to maximize the time-of-flight ͑TOF͒ energy resolution. In the case of the acetaldehyde B state, however, the photoelectron energies are near zero, and it was necessary to apply a weak ͑ϳ0.43 V/cm͒ acceleration field to have workable signal. TOF spectra were recorded by feeding the amplified output from the microchannel plate detector into a fast digital oscilloscope ͑Tektronics 620B͒, triggered by a photodiode monitoring scattered laser light.
B. TOF-energy conversion
The conversion from TOF to photoelectron kinetic energy is simple in the ideal situation. In real spectrometers the conversion is complicated by stray fields, and in our case, by the application of an acceleration field. The total TOF is broken into the time spent in the acceleration field, and the time in the field-free region: TOFϭT accel ϩT ff , where and
L ff is the length of the field-free region, q e and m e are the electron's charge and mass, and KE is the kinetic energy of the nascent electron, i.e., the desired quantity. E accel is the electric field strength applied in the acceleration region. The TOF-to-energy conversion is calibrated with the introduction of two adjustable parameters (L accel , and b), as follows. L accel is nominally the distance from the laser focus to the grid defining the end of the acceleration region, and is allowed to vary because the exact position of the laser focus is ill defined. The other adjustable parameter is b, which has the form of an energy shift due to stray fields or potential barriers that might be present in the flight tube. This two parameter expression is sufficiently accurate for the relatively low resolution of the PES reported. Ordinarily, the PES of a known compound is used to determine the calibration parameters. In other studies we typically use PES of iron atoms generated by photolysis of Fe͑CO͒ 5 . Unfortunately, most convenient calibration compounds give relatively high-energy ͑Ͼ0.5 eV͒ photoelectrons in single-color REMPI. It is not clear how transferable a calibration based on high-energy electrons would be for the very low-energy electrons resulting from acetaldehyde REMPI. Fortunately, it is possible to ''bootstrap'' a calibration directly from the acetaldehyde PES, as follows. For 2ϩ1 REMPI via the origin of the B state, the third photon carries the molecule only 4 meV above its ionization energy. As a consequence, only vibrationless ions can be produced, and the resulting photoelectrons have a well-defined energy. The TOF of these electrons allows an approximate value of the ''b'' parameter to be determined, first setting the L accel parameter to its nominal value. Given this approximate ''b'' parameter, it is then clear that the PES pumping through several vibrationally excited levels of the B state also have small peaks corresponding to vibrationless ions, and the TOF of these peaks can be used to refine the ''b'' and L accel parameter values in an iterative process.
There are two aspects of the PES that result from the use of an acceleration field in the ionization region. One is the relatively low resolution, resulting partly from the shortened flight times, and partly from the fact that the acceleration field increases the angular acceptance of the spectrometer. With respect to our interest in state selection, the more important point is that the enhancement of the angular acceptance depends on the photoelectron KE. Near-zero energy electrons are collected, independent of initial angle, while only a narrow angular range is collected for energetic electrons. To correct for this problem, we simulated the spectrometer using SIMION 36 to determine the collection efficiency enhancement as a function of KE. The reported spectra have been corrected using this enhancement function.
C. Ab initio calculations of acetaldehyde: geometry and frequency
To aid in vibrational assignments and to determine the types of motion corresponding to the measured vibrations, ab initio calculations were performed with MP2 and B3LYP theories and 6-31G* and 6-311ϩϩG** basis sets, using GAUSSIAN 98. 35 Geometries were optimized calculating both gradients and force constants at each step. The most important computational result for our purposes is the spectrum of vibrational frequencies for the cation, required to help assign the photoelectron spectra. Given that our ultimate purpose is state-selected ion-molecule reactions, we need to know what types of motions we excite under different REMPI conditions.
As a check on calculated cation frequencies, we first calculated the vibrational frequencies for neutral acetaldehyde, where two complete sets of experimental frequencies are available. The NIST Chemistry WebBook, 37 cites frequencies from the 1972 compilation of Shimanouchi, based on experiments and calculations from the 1950s and 1960s. 38 In 1971, Hollenstein et al. reported a detailed study of the vibrational spectra of acetaldehyde and several deuteriumlabeled variants. 27 This study included an empirical normal coordinate analysis that accurately reproduced the experimental frequencies for all deuterium labeling combinations. The NIST and Hollenstein frequencies for CH 3 CHO are given in the first two columns of Table I͑a͒ , respectively. The mode numbering scheme of Hollenstein et al. has been used, because it is in agreement with the numbering scheme used in the electronic spectroscopy studies. The two sets of experimental frequencies are in good agreement, with the two exceptions of 3 ͑where Hollenstein et al. propose a Fermi resonance with 2• 6 ) and 13 , where there is an unexplained difference of almost 200 cm Ϫ1 . Table I͑a͒ also gives our ab initio frequencies calculated at the B3LYP/6-311ϩϩG** level, as this level of theory gave the best agreement with experiment. The raw ab initio frequencies are systematically higher than experiment by a few percent, as is often the case. Again, there are two frequencies for which the agreement is significantly worse. For 3 , the disagreement may be attributable to the Fermi resonance with 2• 6 . For 13 , there is good agreement with the value of Hollenstein et al., but very poor agreement with the NIST value. Because it seems unlikely that the ab initio frequencies could match closely with all other modes, but miss 13 by 20%, we conclude that the value in the NIST compilation is incorrect. This argument relies not on the accuracy of the ab initio frequencies, per se. Rather, it is based on the fact that almost all the individual bond stretching/bending force constants significantly affect more than one normal frequency. In this case, the 13 mode involves mainly methyl rocking and CC stretching motion, but these motions are also active in the other six modes in the 500 to 1400 cm Ϫ1 energy range. If the ab initio force constants for these motions were significantly in error, then several frequencies would be affected, not just 13 . To correct for the small, systematic frequency overestimation of the ab initio calculation, the fifth column gives frequencies, scaled to the best match experiment. The scale factor ͑0.979͒ was calculated to minimize the average experiment-theory deviation, omitting 13 and 3 from the comparison. After scaling, the root mean square deviation between ab initio and experimental frequencies is just 0.3% ͑again, omitting 3 and 13 ). Table I͑b͒ summarizes theoretical and experimental cation frequencies, including those estimated from the present results. Spin contamination in our ab initio calculation was minimal: S(Sϩ1) was 0.7568 prior to annihilation of the spin contamination, and 0.750 following annihilation. Both raw ab initio frequencies and frequencies scaled by the 0.979 factor determined from the neutral results, are presented. The mode numbering for the cation frequencies was obtained by matching, as well as possible, both the frequency values and types of vibrational motion with those for the same mode of the neutral. The motion for the modes of interest is given in Fig. 2 , taken from gOpenMol 39 visualization of the GAUSS-IAN 98 results. The vibrations are shown as superimposed structures for the endpoints of the vibrations ͑Fig. 2͒.
III. RESULTS AND DISCUSSIONS
A. The B state 1. The REMPI spectrum Figure 3 shows the ͑2ϩ1͒ REMPI spectrum in the region of the acetaldehyde B electronic state. The spectrum has not been normalized to laser intensity, which varied by less than 30% over this spectral range. The band labeled ''1'' is the B state origin band, and Table II gives the energy intervals and assignments of the other numbered bands. As summarized in the table, the vibrational intervals are within a few wave numbers of those reported in both single photon absorption and previous REMPI experiments. Four groups ͑Shin et al., 24 Shand et al., 23 Buntine et al., 22 and Heath et al.
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͒ In their spectrum, this band was quite weak, however, it is also near the edge of their spectral range. Our photoelectron spectroscopy results ͑below͒ tend to support the assignment as 9 0
1 . The bands in our jet-cooled REMPI spectra are roughly symmetric with a fwhm of ϳ5 cm Ϫ1 , and we have chosen the point of maximum intensity for each band in calculating vibrational intervals. The intervals extracted from our spectra are generally within a few wave numbers of those extracted from the single photon absorption measurements of Crighton et al. 19 with the differences likely resulting from choosing different points on the band profiles as the band centers. It is difficult to discern the vibrational bandwidths from the film spectra they published. The only large discrepancy is the frequency of the very weak 3 0 1 10 0 1 combination band, where the absorption results give an interval 15 cm Ϫ1 smaller than ours. In both spectra, the energies of other combination bands are within a wave number of the sum of the individual vibrational energies. In our spectra that is also the case for the 3 0 1 10 0 1 combination, while in the spectra of Crighton et al., the combination is quite anharmonic, if their assignment is correct.
The nature of the vibrational bands was explored qualitatively using isotope labeling in the single photon absorption and multiphoton ionization spectra. 18, 19, 22 The qualitative motions inferred from isotope shifts are generally consistent with the ground state normal coordinates we calculate ͑Fig. 2͒. One exception is 10 , which was described as CCO banding or deformation on the basis of isotope shifts, but is calculated to more of a combined CCO bending and CH 3 rocking motion. The conclusion that 10 includes methyl rocking motion is consistent with the observation in the absorption spectroscopy that 10 is sensitive to methyl deuteration.
The B state mass spectrum
Acetaldehyde has a notorious tendency to fragment in REMPI, because the cation has two low-energy dissociation channels, 40, 41 and several electronic states in the energy range to absorb an extra photon in REMPI. 34 For state selection, this property is actually very useful, because any cations that have absorbed an extra photon are effectively eliminated from the reactant ion population. On the other hand, because our ion-molecule reaction machine does not have a mass spectrometer prior to the reaction region, it is important to be able to suppress the fragment ions. Figure 4 shows REMPI mass spectra taken in the ionmolecule reaction mode, under different laser focusing conditions. The top frame shows that the mass distribution is dominated by fragments, even when the laser is focused loosely ͑30.5 cm focal length lens͒. The fragment channels are
In the middle frame, the intensity has been lowered by focusing the laser ϳ1.5 cm beyond the molecular beam axis, and under this condition the parent ion dominates the mass spectrum. Most importantly, the mass 43 fragment ion diminishes much faster with decreasing laser power than the parent ion. In the final frame, we have further defocused the laser, and also applied a gating pulse to an electrode pair placed just before the beginning of the ion-molecule reaction section of the instrument. 7 The gating pulse completely eliminates the mass 29 fragment, and mass 43 is suppressed by a combination of lowered laser power and gating. Even at the reduced laser intensity in the bottom frame, the CH 3 CHO ϩ signal is more than adequate for ion-molecule reaction studies, and the residual mass 43 signal is less than 2% of the acetaldehyde signal for all vibrational bands of interest for state selection.
The B state photoelectron spectrum
Photoelectron spectra were taken pumping through all the major bands in the B electronic state. The cation vibrational energies corresponding to the peaks in our photoelectron spectra are listed in Table III , along with our proposed decomposition into normal frequencies. Figure 5 shows spectra taken with REMPI via the B state origin and the 10 0 1 band. In the case of the origin band, the third photon takes the system only 4 meV above the ionization energy; thus it is only energetically possible to produce vibrationless ions, as observed. When pumping via the 10 0 1 transition, it is energetically possible to populate the vibrationless, 15 ϩ ϭ1, and 10 ϩ ϭ1 states of the cation. The photoelectron spectrum is dominated by a peak corresponding to ions with 45 meV of internal energy. This is assigned as one quantum of 10 ϩ excitation, i.e., the diagonal transition. There is also a small peak corresponding to vibrationless ions. The 15 ϩ vibration is calculated to have an energy of 147 cm Ϫ1 , or 18 meV. This energy is right at the minimum between the vibrationless and 10 ϩ ϭ1 peaks in the photoelectron spectrum; thus we conclude that the 15 ϩ vibration is not Franck-Condon active. Figure 6 shows PES spectra taken following excitation through band numbers 5 and 6 in the REMPI spectrum ͑Fig. work of Heath et al. In the PES, a weak peak ͑''4''͒ is observed for vibrationless ions, together with three main peaks corresponding to vibrational excitations of 102, 128, and 147 meV. The 102 meV ͑823 cm Ϫ1 ͒ vibration best matches the expected frequency for 9 ϩ ͓Table I͑b͔͒, thus this main peak is assigned as the diagonal ionization transition. If the intermediate state was actually 14 0 1 15 0 1 , as proposed by Heath et al., the diagonal ionization transition would give a peak with ϳ887 cm Ϫ1 vibrational excitation, in poor agreement with the observed peak energy. The peak corresponding to 128 meV ͑1032 cm Ϫ1 ͒ of vibrational energy is assigned to the production of cations with one quantum of 8 , a combination of CH 3 rocking motion, CH bending motion in the CHO moiety, and CCO deformation. Finally, the peak at 147 meV ͑1186 cm Ϫ1 ͒ is assigned to a combination of the 102 and 45 meV vibrations, 9 ϩ ϩ 10 ϩ . The most complex PES ͑bottom frame, Fig. 6͒ is obtained when pumping through band 6 in the REMPI spectrum. This band was assigned in the single photon spectrum 19 as an unresolved mixture of overlapping 6 0 1 and 7 0 1 bands. These two vibrations are well separated in the ground state, but near-degenerate in the B electronic state.
The 6 Ј and 7 Ј vibrations both have CH 3 umbrella motion, CH bending motion in the CHO moiety, and CC stretching motion. In the PES, no peak is observed at the energy expected for vibrationless ions. There are three main peaks corresponding to ions with between 181 and 208 meV of vibrational energy, and three small peaks at lower levels of vibrational energy. The peak corresponding to 63 meV ͑508 cm
Ϫ1
͒ of vibrational energy is assigned as a combination of the 45 and 18 meV vibrations, 10 ϩ ϩ 15 ϩ . The 92 meV ͑742 cm Ϫ1 ͒ peak closely matches the ab initio frequency for 14 ϩ , and is tentatively assigned as such. A reasonable alternative assignment might be 2• 10 ϩ ͑ϳ726 cm Ϫ1 ͒. The 128 meV vibration was also seen in REMPI via the 9 0 1 transition, and is assigned as 8 ϩ . The largest peak, at 194 meV ͑1565 cm 6 ϩ . The PES when ionizing through the 5 0 1 transition is relatively simple ͑Fig. 7͒. There is no peak for vibrationless ions ͑K.E.ϭ0.245 eV͒, a small peak corresponding to ions with 177 meV of vibration, and a large peak corresponding to 222 meV of ion vibrational energy. The 177 meV ͑1428 cm Ϫ1 ͒ peak is a reasonable match to either 5 ϩ or 12 ϩ in the ab initio frequencies, but since we are pumping the 5 0 1 transition, it seems reasonable to assign 177 meV to 5 ϩ . The main peak at 222 meV ͑1797 cm Ϫ1 ͒ is a poor match to any of the normal mode frequencies, and is assigned as 5 ϩ ϩ 10 ϩ ͑177 meVϩ45 meV͒. This assignment continues an apparent trend to have diagonal modes appearing in combination with 10 ϩ or 15 ϩ . The final PES was taken following REMPI via the 3 0 1 transition. Peaks are observed corresponding to ion vibrational energies of 349, 385, and 439 meV. The small 349 meV ͑2815 cm Ϫ1 ͒ peak is a good match to the ab initio frequency for 3 ϩ , and is thus assigned as the diagonal transition. The 439 meV ͑3541 cm Ϫ1 ͒ vibrational energy of the dominant peak is clearly too high to be any single vibration of the molecule. There are a number of possible combinations of ab initio frequencies that add up to about 439 meV, but we assign this peak as 3 ϩ ϩ2• 10 ϩ , i.e., a combination of the mode pumped in the intermediate state with a mode that often appears in combinations. Similarly, the small 385 meV ͑3105 cm Ϫ1 ͒ peak is a reasonable match to 1 ϩ , an asymmetric methyl CH stretch, but we instead assign it as the 3 ϩ ϩ2• 15 ϩ combination ͑349 meVϩ2•18 meV͒. The cation vibrational frequencies we deduce are somewhat different from those extracted from the He I PES ͓Table I͑b͔͒. The magnitude of the disagreement is generally less than 7 meV, and this is within the combined uncertainties of the PES measurements. There are also some reassignments. For example, the frequency assigned as 9 ϩ in the He I PES, is reassigned as 14 ϩ , based on better matching to our experimental and ab initio frequencies for this mode. The 2570 cm Ϫ1 frequency assigned as 3 ϩ in the He I PES is very different from our 2815 cm Ϫ1 REMPI-PES number, and also matches no ab initio cation frequency. The correct assignment of this 2570 cm Ϫ1 PES band is not clear, although it is presumably a combination band.
One result from the B state PES is that, at least for the higher-energy vibrations, the diagonal transitions are weak, and the dominant states are combinations of the diagonal frequency with either 10 ϩ ͑methyl rocking and CCO bending͒ or 15 ϩ ͑methyl torsion͒. This observation suggests that the B state geometry is somewhat different from that of the ground state ion, particularly along the 10 and 15 coordinates. Calculations for the B state and cation ground state geometries support this argument. 22, 24 It is reported that the CCO angle changes by 6.9°in ionization of the B state, and that the methyl-CCO dihedral angles change by 3.9°, while other angles and distances are very similar in the B and cation states. These are just the coordinates that make the largest contributions to the 10 and 15 normal coordinates, and it is unsurprising that 10 ϩ and 15 ϩ are Franck-Condon active. The B state has been described as a Rydberg state in several experimental studies, 18, 20 but it is a 3s-Rydberg state, with a sizable quantum defect ͑0.9͒. 15 From a state-selection point of view, the B state transitions are still quite useful. We are able to produce ions with narrow, sometimes pure, vibrational state distributions, corresponding to different types of motion, and with vibrational energy ranging from zero up to over 3500 cm
-a substantial fraction of the dissociation energy of this cation.
The one remaining issue regarding the suitability of the acetaldehyde cation for state-selective ion-molecule reactions, is the possibility of isomerization. The isomerization of CH 3 CHO ϩ to CH 2 CHOH ϩ is exoergic by ϳ0.62 eV. This isomerization has been studied by several groups, and barriers in the range from 2.5 to 3.1 eV were inferred from experiments. 40, 42 The barrier estimated from quantum chemistry calculations ͑1.77 eV͒, 43, 44 is smaller, but still well above the vibrational energies we are producing in the ion ͑Ͻ0.46 eV͒. There is also a possible isomerization to CH 3 COH ϩ , but it is endoergic by ϳ0.5 eV, with a barrier estimated at 1.8-3.2 eV. [43] [44] [45] [46] At the levels of excitation produced in B state REMPI, the acetaldehyde cation is stable. Figure 8 shows the REMPI spectra for the C and D states ͑two photon resonances͒ and the Ã 1 AЉ state ͑one photon resonance͒. The photon energies given on the axis are for a single photon. The top frame shows the REMPI spectrum obtained when all electrons are collected with a large acceleration field. Several sharp resonances are observed, superimposed on a broad, but structured background. The wavelengths corresponding to the origin of the Ã 1 AЉ, C , and D states are indicated. The second frame of the figure shows low resolution ͑i.e., high acceleration potential͒ photoelectron TOF spectra at two wavelengths-one corresponding to a sharp resonance ͑62 415 cm Ϫ1 ͒ and the other in a spectral region with no sharp structure. In this wavelength range, the third photon carries the molecule about 1.4 eV above the ionization energy. The peak labeled ''a'' at ϳ600 ns corresponds to electrons with about 1.4 eV kinetic energy, i.e., to ions with little vibrational energy. The slow peak ͑''b''͒ corresponds to electrons with relatively little kinetic energy. The corresponding ions are vibrationally hot-with the vibrational energy distribution peaking around 0.9 eV ͑Ͼ7000 cm Ϫ1 ͒ and extending all the way to the limit imposed by energy conservation. Electron energy can be used to partially sort the overlapping states in this wavelength region. The third frame is a REMPI spectrum taken while detecting only slow photoelectrons ͑i.e., vibrationally hot ions͒ and the bottom frame is the REMPI spectrum taken detecting only fast electrons ͑vibrationally cold ions͒.
B. The Ã 1 AЉ, C , and D states
From a comparison of these two spectra, several points are clear. Ionization in the region where resonances are expected for the Ã 1 AЉ and C states ͑i.e., below the D origin͒ results exclusively in highly vibrationally excited ions, and the REMPI bands are also significantly broadened, relative to B state bands. These highly vibrationally excited cation states are not expected to be Franck-Condon accessible from low vibrational levels of the intermediate electronic states. The C state has been described as a Rydberg state with a quantum defect 15 smaller than that for the B state, where relatively diagonal ionization is observed. If the C state were an unperturbed Rydberg state, then we would expect nearly diagonal ionization Franck-Condon factors, resulting in ions with low levels of vibrational excitation. The Ã 1 AЉ state is said to be distorted along the methyl torsion coordinate relative to the ground state, 47 but, again there is no reason to expect Franck-Condon overlap with cation vibrational levels with more than 7000 cm Ϫ1 excitation. The indication is that these two electronic states undergo some mixing process, shortening the lifetimes and providing a route to highly excited cation vibrational levels.
The Ã 1 AЉ state has been studied by laser-induced fluorescence ͑LIF͒ by Noble and Lee, 47 and they note that the Ã 1 AЉ state transitions are either formally forbidden or vibronically allowed. In either case, they characterize the transitions as weak. Our REMPI spectrum is also weak compared to that of the B state. The fact that the LIF signal can be seen from the various levels of the Ã 1 AЉ state indicates that the lifetimes are not so short as to completely quench fluorescence. In our spectrum, the Ã 1 AЉ state bands are ϳ10 and Lee Ã 1 AЉ state LIF spectra with our REMPI spectrum, is that there is virtually no REMPI structure attributable to the C state. Table IV lists all REMPI bands we observe in the energy range below the D state origin. Also given are the band positions and assignments reported by Noble and Lee, as well as positions of some unassigned bands estimated from their published spectra. The bands observed in LIF are also indicated by vertical lines in the third frame of the figure. The only REMPI band that can clearly be attributed to the C state is the origin band, i.e., the small shoulder just under the ''C'' arrow in the third frame of Fig. 8 . The C state is quite strong in absorption, 18 thus the absence of REMPI peaks indicates that the C state is so strongly perturbed that REMPI is suppressed. The perturbation may be simply shifting population to a state that is not easily ionized at the pump wavelength, or may result in dissociation on a time scale fast compared to the ionization rate. The state or states responsible for the perturbation are not known, but possibilities include high vibrational levels of the B state or triplet states. The fast electron REMPI spectrum ͑bottom frame of the figure͒ picks out transitions that result in cold ions, i.e., transitions that behave as expected for ''good'' Rydberg intermediate states. In the wavelength region probed, two strong bands and two or three weak bands are observed to result in ''cold'' ions. The band energies are tabulated in the second half of Table IV , with proposed assignments. For bands 1 and 4, we also measured photoelectron spectra with no acceleration field, to determine the ion vibrational energy more precisely. In both cases, the PES has a single dominant peak, corresponding to cations with less than 50 meV of vibrational energy, most probably in the vibrationless state ͑there is ϳ50 meV calibration uncertainty for these spectra͒. As the second frame of the figure indicates, REMPI through these sharp bands also results in substantial production of hot ions, but this component of the electron KE distribution is too spread out to result in a PES peak under acceleration-free conditions. Band 1 is assigned as the origin of the D state, despite the fact that the band energy is ϳ73 cm Ϫ1 off from the band identified as the D state origin by Lucazeau et al. 18 The alternative assignment would be as a vibrational band ͑at ϳ2247 cm
Ϫ1
͒ of the C state. We favor the D origin assignment because it seems unlikely that the C state should suddenly develop a sharp structure at high vibrational levels, and that such a vibrationally excited intermediate would ionize to produce mostly ground vibrational state cations. We shown in the table, the correspondence between our D state band positions and those reported by Lucazeau et al. is generally poor. The discrepancy might indicate that different states are being observed in single and two photon spectroscopies. We note, however, that the results of Lucazeau et al. on the B and C states are also in poor agreement with other single photon or REMPI spectroscopic studies, suggesting a problem with their experiment. Based on our nitride oxide REMPI calibration, and good agreement with previous work on the Ã 1 AЉ and B states, we feel that our calibration uncertainty is no more than ϳ2 cm Ϫ1 . Band 4, 1364 cm Ϫ1 to the blue of the origin band, is assigned as a vibrational transition in the D state, most probably either 5 0 1 or 12 0 1 . It is curious that the PES for ionization via this band shows that most product ions have near-zero vibrational energy, i.e., the ionization is not diagonal.
Perhaps the most interesting feature of the D state is that all other vibrational transitions result in little, if any, production of vibrationally cold ions, and weak or absent peaks in the REMPI spectrum. Indeed, even the sharp bands in the D state result in substantial production of vibrationally hot ions ͑the third frame of Fig. 8͒ , and the growth in the spectral baseline at the D state origin suggests that the D state also contributes a near-continuous enhancement of the hot ion spectrum. The implication is that all C state, and most D state vibrational levels are strongly perturbed, have short lifetimes, and ionize ͑if at all͒ to hot ions.
IV. CONCLUSIONS
We have shown photoelectron spectroscopy to be a useful tool for sorting out vibrational assignments in both intermediate and cation states. In addition, the type of cation vibrations populated, as shown by the PES, provides useful clues regarding the nature of the intermediate states, and the extent to which they are perturbed. We have identified a number of REMPI transitions that can be used to prepare vibrational mode-selected acetaldehyde cations, and work is in progress on the effects of these vibrations on CH 3 CHO ϩ chemistry.
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